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Introduction
Petrological and geochronological
investigations of high-pressure (HP)
metamorphic rocks have provided
valuable insights into the kinematics
of burial and exhumation of these
materials (e.g. Chopin, 2003; Jolivet
et al., 2003; Ernst, 2005) and hence
have been key in better understanding
the mechanical and rheological
aspects of the crust and lithosphere
(e.g. Burov et al., 2001; Gerya and
Stockhert, 2006). This study focuses
on HP rocks that have been reported
in Taiwan (Liou et al., 1975; Yui and
Lo, 1989) (Fig. 1). The Taiwan moun-
tain belt results from the collision
between the Luzon volcanic arc and
the Chinese continental margin, dated
at 6.5 Ma (Lin et al., 2003). This
collision followed the subduction of
the South China Sea oceanic crust
below the Philippine Sea plate, which
initiated 15 Ma ago (e.g. Huang
et al., 2006) and which is still active
to the south of Taiwan along the
Manila trench (e.g. Teng, 1990; Mal-
avieille et al., 2002). This young oro-
gen consists mostly of metasediments,
including remnants of the basement of
the Chinese passive margin (Tananao
Complex, TC) exhumed to the east
(Ho, 1986) (Fig. 1). This young oro-
gen is characterized by high rates of
deformation and erosion (e.g. Simoes
and Avouac, 2006) and has been
intensively studied in terms of moun-
tain building processes (e.g. Suppe,
1981; Dahlen and Barr, 1989; Fuller
et al., 2006; Simoes et al., 2007). How-
ever, in these models, little attention
has been paid to the HP metamorphic
rocks reported within the TC along
the suture zone (Fig. 1). These rocks
are found in exotic blocks that are
characterized by totally diﬀerent lith-
ological and petrological properties
from those observed in the surround-
ing TC schists (Liou, 1981). Two HP
blocks have been described: the Juisui
block with glaucophane schists and
amphibolites (Liou et al., 1975) and
the Wanjung block with omphacite-
bearing ultramaﬁc rocks within a ser-
pentinite melange (Yui and Lo, 1989).
Because of extremely bad surface
exposure, the tectonic relationship of
these blocks to the bulk of the TC
remains largely unclear. Petrological
investigations (Liou et al., 1975; Yui
and Lo, 1989) indicate peak metamor-
phic conditions of 400–450 C and
6–8 kbar, which certainly need to be
re-evaluated in light of more recent
thermodynamic databases. Various
geochronological techniques were
applied to these HP rocks and provide
constraints on the timing of the
exhumation of these units. Jahn et al.
(1981) obtained Rb–Sr ages on
amphiboles from the Juisui blueschists
in the range 8–14 Ma. Ages of
10–12 Ma were obtained by K–Ar
(Juang and Bellon, 1986) and
40Ar–39Ar (Lo and Yui, 1996) on
phengites from these blueschists. Lo
and Yui (1996) retrieved 40Ar–39Ar
ages of 4.5 Ma on phlogopites from
the Wanjung rocks. It is to be noted
that these HP units have geochrono-
logical ages only slightly older than the
onset of the late Cenozoic collision.
The purpose of this study was to
re-appraise the physical conditions of
HP metamorphism in Taiwan. We
re-investigated the mineralogy and
petrology of these units on the basis
of recent thermodynamic databases,
which have undergone considerable
improvement over the last years.
When combined with geochronologi-
cal ages, the P–T history of HP rocks
provides possible insights into the
kinematics of burial and exhumation
during the transition from oceanic
subduction to arc-continent collision.
Sampling and methods
In the Juisui area, no rocks were
found in place because of extremely
bad exposure conditions. All the
samples were collected in two small
rivers draining exclusively the HP
units according to the map of Liou
et al. (1975). A large diversity of rocks
was found in the Juisui area: glauco-
phane schists (glnS – samples Y0403
a and Juisui02-1), garnet-epidote
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amphibolites, epidote amphibolites
(not described here, as no HP evidence
was detected in these rocks) and
garnet-bearing blackschists (grtS –
samples Y0404 a, b, c and f). In
Wanjung, the omphacite-bearing
rocks (ompR – samples Y0402 a and
b), possibly metagabbro, were col-
lected from the abandoned serpentine
quarry described by Yui and Lo
(1989) as an inclusion within a
serpentinite me´lange. All these rocks
may have an oceanic origin from deep
sea sediments (glnS) to basalt (am-
phibolites) or gabbro (ompR).
For all the rocks, mineralogy was
determined through optical micros-
copy, completed by X-ray diﬀrac-
tion. The chemical analysis of
minerals was performed using a
Cameca SX100 electron microprobe
(Camparis, Universite´ Paris VI)
using standard conditions (15 kV,
10 nA) and the chemical standards
described in Table 1. The garnet
blackschists from the Juisui exotic
block were analysed by the Raman
spectroscopy of carbonaceous mate-
rial (RSCM) technique, which pro-
vides a sensitive geothermometer for
peak metamorphic temperature in
such rocks (Beyssac et al., 2002,
2004). The samples were analysed
using the experimental conditions
described by Beyssac et al. (2007)
and following the procedure de-
scribed by Beyssac et al. (2003).
Results are summarized in Table 2.
Petrology and P–T history
Figure 2 illustrates representative
mineral assemblages observed in the
rocks from Juisui and Wanjung. All
mineral abbreviations are after Kretz
(1983) except for amphibole (am) and
water (w). The glnS contains zoned
amphiboles (Ca-am core and gln rim,
and vice-versa), grt + phg as an
early assemblage, and chl, ep, ab as
a retrograde assemblage. The grtS
contains grt locally retrograded to
chl, phg and ab. More details regard-
ing the petrology of these rocks may
be found in Liou et al. (1975) or Liou
(1981). Representative analyses and
structural formulae of px, gln, grt, chl
and phg for Juisui are given in
Table 1. Ternary plots for phengite
and garnets, and an amphibole com-
positional diagram, are given in
Fig. 3. Blue amphiboles from the
Juisui glnS are essentially sodic, with
glaucophane compositions with aver-
age XMg values of 0.46 and Fe3+ ⁄
(Fe3+ + AlVI) ranging between 0.31
and 0.45 (Fig. 3a). Phengites show
variable composition in garnet
blackschists and glnS (Fig. 3). High
Si-content phengites with signiﬁcant
celadonite content (up to 45%) are
observed within the glnS, whereas
phengites from the grtS have inter-
mediate compositions up to 35%
(Fig. 3b). Garnets generally show fer-
rous compositions with XAlm > 60%
in both the garnet blackschists and
glnS from Juisui (Fig. 3c). In the
Wanjung ompR, mineralogy is re-
stricted to the presence of px, ep,
minor ab and qtz for the peak assem-
blage, and late ab, chl and phl for
the retrograde assemblage. Pyroxenes
are omphacitic with variable jadeite
Fig. 1 Geological map of Taiwan and geodynamic context. Taiwan is composed of
the Taiwan mountain belt to the west and the Coastal Range (CoR – remnant of the
Luzon Arc) to the east. They are separated by the Longitudinal valley (LV), a deep
elongated sedimentary basin that forms the suture between the two plates. The
Taiwan mountain belt results from the collision between the Chinese continental
margin and the Luzon volcanic Arc. From west to east, the Taiwan mountain belt is
composed of the western foothills (WF – fold and thrust belt), the Slate belt, which
includes the Cenozoic metasediments of the Hsuehshan Range units (HR) and the
Backbone Slates (BS), and the Tananao complex (TC) consisting of pre-tertiary
basement of the margin [Tailuko belt (TB) and Yuli belt (YB)]. Metamorphic grade
associated with the late Cenozoic collision generally increases from west to east,
reaching temperatures of up to 500 C in the eastern TC, with some complexities in
the western slate belt (e.g. Beyssac et al., 2007).
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content, XJd, ranging between 0.20
and 0.58 (Fig. 3d and Table 1).
To reconstruct the P–T history of
the glnS, we used the petrogenetic grid
of Evans (1990), which best corre-
sponds to the observed compositions
and activities of gln (0.020–0.036), grt
(0.001–0.004), ep (0.38–0.42) and chl
(0.01–0.02) (Fig. 4). In addition, (i)
the reaction ms + chl + ab + w =
pg + cel is used to set an upper P
limit (no paragonite detected –
Simax = 3.4 in phengite) using PTAX
(Berman et al., 1987) with the Berman
(1988) thermodynamic database and
activity models of Massone (1995) for
phengite and Evans (1990) for chlo-
rite; and (ii) the Ti-content amphibole
thermometer yields 430–500 C for
the glaucophane and 480–560 C for
the sodicalcic amphibole (Table 1)
replacing glaucophane (Colombi,
1989). In the grtS, peak metamorphic
T was estimated at 550–580 C with
RSCM thermometry (Table 2). To
constrain part of the retrograde path
of the grtS, multi-equilibrium calcula-
tions were performed using the
TWQ 2.02 program associated with
the Berman (1988) thermodynamic
database and completed by thermo-
dynamic data and solid solution mod-
els for chlorite (Vidal et al., 2001,
2005) and phengite (Parra et al.,
2002) following the procedure de-
scribed in Vidal and Parra (2000).
Calculations were performed in the
NaKMASH system using grt–chl–
phg–ab–qtz–w equilibria. In the
ompR, the reaction of ab = jd + qtz
was exploited to constrain peak P
conditions using the highest jadeite
content in pyroxene (XJd = 0.58).
However, we do not have any con-
straint on T.
All results are summarized in
Fig. 4. Peak metamorphic conditions
for the glnS blocks are 10–12 kbar
and 550 C (epidote-blueschist to
eclogite facies), whereas peak P–T
conditions in Wanjung may vary
between 9 and 13 kbar and in the
range 350–550 C. The P–T path dur-
ing exhumation of the Wanjung block
could not be determined. In the case
of the Juisui block, retrograde mineral
Table 1 Representative electron microprobe analysis of px, gln, am, grt, phg and chl in the glaucophane schists (glnS) and garnet
blackschists (grtS) from Juisui and the omphacite-bearing rock (am, ompR) from Wanjung.
Mineral Px Px Gln Gln Am Grt Grt Phg Phg Chl Chl
Sample ompR ompR GlnS GlnS GlnS GlnS GrtS GlnS GrtS GlnS GrtS
SiO2 57.14 56.86 54.04 53.00 46.53 37.40 36.98 48.81 45.82 25.80 24.32
TiO2 0.03 0.02 0.02 0.04 0.24 0.00 0.16 0.03 0.06 0.00 0.05
Al2O3 13.23 9.34 8.33 7.53 9.44 20.84 20.89 24.86 31.39 19.05 20.85
FeO 2.07 2.67 18.99 20.19 22.83 25.13 29.99 6.11 3.41 27.51 28.32
MnO 0.05 0.23 0.27 0.18 0.30 8.51 2.83 0.04 0.03 1.38 0.54
MgO 6.70 9.47 6.17 6.99 6.80 2.47 1.39 2.50 1.96 13.46 12.03
CaO 11.61 15.50 1.04 2.54 6.33 5.63 9.46 0.05 0.10 0.10 0.12
Na2O 8.78 6.12 6.52 6.13 4.01 0.05 0.06 0.31 0.64 0.04 0.04
K2O 0.00 0.01 0.03 0.06 0.31 0.00 0.01 10.37 9.47 0.05 0.01
F – – 0.02 0.00 0.13 0.00 0.00 0.02 0.11 0.04 0.01
Total Structural formula 99.61 100.22 95.43 96.66 96.91 100.03 101.77 93.10 92.99 87.43 86.29
Si 2.00 2.01 7.88 7.71 6.93 3.00 2.91 3.41 3.15 2.78 2.66
Ti 0.00 0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.00 0.00 0.00
Al 0.55 0.39 1.43 1.29 1.66 1.97 1.94 2.05 2.55 2.42 2.69
Fe2+ 0.02 0.08 1.69 1.69 1.70 1.63 1.76 0.36 0.20 2.48 2.59
Fe3+ 0.04 0.00 0.63 0.77 1.14 0.06 0.24 – – – –
Mn 0.00 0.01 0.03 0.02 0.04 0.58 0.19 0.00 0.00 0.13 0.05
Mg 0.35 0.50 1.34 1.52 1.51 0.30 0.16 0.26 0.20 2.17 1.96
Ca 0.44 0.59 0.16 0.40 1.01 0.48 0.81 0.00 0.01 0.01 0.01
Na 0.60 0.42 1.84 1.73 1.16 0.01 0.01 0.04 0.09 0.01 0.01
K 0.00 0.00 0.01 0.01 0.06 0.00 0.00 0.92 0.83 0.01 0.00
F – – 0.01 0.00 0.06 0.00 0.00 0.00 0.02 0.01 0.00
Sum. 4.01 4.00 15.01 15.14 15.30 8.02 8.03 7.04 7.05 10.02 9.97
aGln 0.03 0.02
XJd 0.55 0.39
XPrp 0.01 0.06
XMg 0.44 0.47 0.53 0.15 0.08 0.42 0.51 0.45 0.43
Mineral abbreviations after Kretz (1983) except am for amphibole. Standards used for electron microprobe analyses are Fe2O3 (Fe), MnTiO3 (Mn, Ti), diopside (Mg, Si,
Ca), orthoclase (Al, K), albite (Na) and CaF2 (F). Mineral abbreviations after Evans (1990). Fe
3+calculation after Droop (1987) except for chl and phg where
Fetot = Fe
2+. Activity of gln after and XJd in px after Morimoto et al. (1988).
Table 2 Peak metamorphic temperatures in the Juisui garnet blackschist obtained
from RSCM thermometry.
Sample Nb spectra R2 SD T SE
Y0404a 11 1.70 0.07 569 9
Y0404b 12 1.53 0.04 573 5
Y0404c 10 1.27 0.06 578 7
Y0404F 8 2.29 0.04 547 3
R2 ratio with standard deviation (SD), T with standard error (SE). See Beyssac et al. (2002) for more details.
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reactions for glnS and multi-equilib-
rium thermobarometry for grtS indi-
cate a consistent exhumation path
with isothermal decompression at
500–550 C from 10–12 to 4 kbar.
In particular, peak temperature con-
ditions indicated by mineral assem-
blages are consistent with those
obtained by RSCM for the grtS. For
both Wanjung and Juisui, pressure
conditions of metamorphism are sig-
niﬁcantly higher than those previously
described in the literature (Liou et al.,
1975; Yui and Lo, 1989).
Discussion: kinematics of
exhumation of HP units in Taiwan
The P–T paths found for the HP
Juisui and Wanjung blocks (Fig. 4)
are combined in Fig. 5 with available
geochronological constraints (Jahn
et al., 1981; Lo and Yui, 1996). Lo
and Yui (1996) emphasized that
40Ar–39Ar ages could be interpreted
as either crystallization or cooling
ages. In the case of ultra HP condi-
tions or of a low-geothermal gradient
during burial and exhumation,
40Ar–39Ar ages have been interpreted
as crystallization ages (e.g. Scaillet,
1996; Agard et al., 2002). Consider-
ing the P–T paths obtained above
(Fig. 5), the glnS were heated to
temperatures (500–550 C) signiﬁ-
cantly higher than the closure tem-
peratures commonly assumed for
40Ar–39Ar in phengites (400 C). It
therefore seems plausible to consider
that these geochronological con-
straints represent cooling rather than
crystallization. This may not be
totally the case for 40Ar–39Ar (Lo
and Yui, 1996) and Rb–Sr (Jahn
et al., 1981) ages on amphibole be-
cause the probable closure tempera-
ture is much higher (500 C after Li
et al., 2000). However, these ages on
(a)
(b)
(c)
Fig. 2 Representative optical photomi-
crographs of mineral assemblages in
high-pressure metamorphic rocks from
Taiwan. (a) ep + chl + px assemblages
in the Wanjung ompR. (b)
Grt + phg + am assemblages in the
Juisui glaucophane schist. Note the
complex zoning pattern in the amphibo-
les. (c) Grt + phg + chl assemblages in
the Juisui garnet blackschist. Mineral
abbreviations after Kretz (1983), except
for amphibole (am).
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amphiboles may not be easily inter-
preted, in particular for 40Ar–39Ar, as
the age spectrum is highly disturbed
(Lo and Yui, 1996), possibly because
of the observed chemical zonations
(Fig. 2). Because of a 78 Ma Rb–Sr
isochron obtained on amphiboles
from Juisui amphibolites, some
authors proposed that the HP stage
was Cretaceous and occurred during
the subduction of a Palaeo-Paciﬁc
plate and that these rocks were sub-
sequently involved in the late Ceno-
zoic collision, with greenschist
metamorphism resetting most of the
geochronometers. Because such a
Cretaceous hypothesis relies on a
single isochron for rocks with no
HP evidence, and considering that
all reliable geochronological data
obtained on HP rocks are younger
than 20 Ma, we tend to favour a
Cenozoic age for HP metamorphism
as initially proposed by Ernst and
Jahn (1987). In this case, the timing
of peak HP conditions would be after
15 Ma (initiation of subduction)
but before 10 Ma when the rocks
had already cooled down to 400 C.
This also indicates that isothermal
decompression from peak metamor-
phism to shallow P–T conditions of
400 C and 3 kbar took 5 Myr
at most, with exhumation rates of at
least 7–8 mm yr)1, and probably as
fast as burial rates if this decompres-
sion lasted 1 Myr. Exhumation of
these units subsequently slowed down
considerably sometime between 10
and 4.5 Ma, with rates of
0.6 mm yr)1 on average (Fig. 5). A
recent realm with faster exhumation
rates of 2.5 mm yr)1 on average
occurred since 4.5–10 Ma. In Fig. 5,
we compare this P–T–t path with
that predicted for the eastern TC
units in the thermokinematic model
of Simoes et al. (2007). The Juisui
and Wanjung HP blocks are embed-
ded within the TC schists, but their
structural relation remains largely
unclear because of poor surface expo-
sure. The observed serpentinite me´l-
ange in the Wanjung quarry supports
the idea that these blocks are exotic
relative to the bulk of the Taiwan
mountain belt. Also, our ﬁndings
strengthen the case for a tectonic
contact between the HP and TC
units. Indeed, the timing and the
physical conditions of metamorphism
are quite diﬀerent for the HP blocks
and for the TC schists (Fig. 4). Their
P–T–t paths only become consistent
at shallow depths and over the last
2 Myr.
Rapid isothermal decompression
after peak metamorphic conditions
(Fig. 5), with exhumation possibly as
fast as burial, is classically observed
on HP bodies and is usually taken
as evidence of forced ﬂow within a
(c)
(a) (b)
(d)
Fig. 3 Mineral compositions for the glaucophane schist and the garnet blackschists from Juisui (a–c) and the omphacite-bearing
rocks from Wanjung (d). (a) Blue amphibole compositional diagram after Leake et al. (1997). (b) Cel + Ms + Prl ternary
diagram of phengite compositions. (c) Alm–prp–sps and alm–prp–grs ternary diagrams of garnet compositions. (d) Composition
of clinopyroxene after Morimoto et al. (1988). Mineral abbreviations after Kretz (1983).
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subduction channel that develops as
the mantle wedge is progressively hyd-
rated (e.g. Cloos, 1982; Gerya et al.,
2002). Here, this hydration of the
mantle wedge may have been limited,
because peak metamorphic conditions
have been attained quite rapidly after
the initiation of oceanic subduction
(<5 Myr). In any case, the buoyant
serpentinites observed in Wanjung,
whether from the mantle wedge or
from hydrothermal alteration of sub-
ducted oceanic crust, may have facil-
itated the initially fast exhumation of
HP units. Between 10 and 4.5 Ma,
exhumation of HP rocks decreased
considerably and it is possible that
these units were stored for some time
at P–T conditions of 350–400 C and
3–4 kbar (Fig. 5). This is similar to
results obtained in the numerical sim-
ulations of Gerya and Stockhert
(2006) in which the upward movement
of HP units may stop at the base of a
rigid upper plate. Rigidity of the
Philippine Sea plate is indicated by
its subsequent limited deformation
during the collision relative to the
accreted series of the passive margin
forming the bulk of the Taiwan
mountain belt (e.g. Simoes et al.,
2007). Finally, the last stages of
exhumation, since 4.5–10 Ma, may
simply be related to the onset of
mountain building by 6.5 Ma when
arc-continent collision initiated.
Indeed, exotic HP blocks stored at
shallow depths may have been
scraped oﬀ during accretion of the
TC basement to the collisional wedge.
However, structural and deformation
analysis of HP units, in particular
relative to their position within the
TC schists, as well as additional
constraints on their low-temperature
history, are needed to reﬁne and test
this idea.
Conclusion
In this study, we have re-appraised the
physical conditions of HP metamor-
phism in Taiwan. We ﬁnd that these
units have been buried to depths of
35–40 km and that they have subse-
quently been rapidly exhumed to
intermediate depths of 11 km some-
time between 15 and 10 Ma. As such,
they have recorded the thermal condi-
tions that prevailed during the early
oceanic subduction prior to the colli-
sion dated at6.5 Ma in Taiwan. This
collision and the subsequent accretion
of passive margin sequences to the
mountain belt have probably ent-
rained these HP rocks up to the
surface, where they appear now as
exotic blocks intermingled within the
TC schists along the suture zone.
Although exhumation and preserva-
tion of these HP units may reﬂect
speciﬁc rheological and lithological
conditions (e.g. Raimbourg et al.,
2007), they possibly represent the only
preserved thermal record of the tran-
sition from oceanic subduction to
arc-continent collision in Taiwan and
as such should be integrated into
Fig. 4 Pressure–temperature diagram showing the P–T constraints for the HP metamorphic rocks from Juisui and Wanjung. For
the Juisui glaucophane schist, the petrogenetic grid of Evans (1990) is selected for the observed compositions and activities of gln,
grt, ep and chl and the P–T path is proposed following the textural information (compositional zoning in am, late grt). Note that
the two exhumation paths through reaction 1 and 9 + 8 are equivalent. P is constrained by reactions 2 and 3 and from the
Si-content based on the phengite barometer, whereas the Ti-content amphibole thermometer yields 430–500 C for glaucophane
and 480–560 C for the sodic ⁄ calcic amphibole replacing glaucophane (see text). For the Juisui garnet-blackschist, the peak T is
estimated from RSCM thermometry and the early exhumation path from multi-equilibrium thermobarometry. For the Wanjung
ompR, P is estimated with the Ab = Jd + Qz reaction calculated with the highest jadeitic content in pyroxenes. Metamorphic
facies are greenschist (GS), lawsonite and epidote blueschist (LBS and EBS), amphibolite (A), albite-amphibole amphibolite
(AEA) and eclogite (E); see Evans (1990) for more details. Mineral abbreviations after Kretz (1983), except w for water.
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future models investigating these
complex phases of deformation.
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